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OUTER PLANET | CY SATELLI TES

by Bonnie J. Buratti, Jet Propulsion Laboratory, California

Institute of Technol ogy
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CGLOSSARY

Bond albedo: The fraction of the total incident radiation

reflected by a planet or satellite.

Car bonaceous (c-Type) Material: Carbon-silicate prinordial

material rich in sinple organic conpounds. C-type material is
spectrally flat, and it exists on the surfaces of several outer
pl anet satellites.

Differentiation: Melting and chemi cal fractionation of a planet

or satellite into a core and mantl e.

D-Type Material: Prinordial, |ow albedo nmaterial believed to be

rich in organic conpounds. It is redder than C-type material.

Ceanetric Albedo: The ratio of the brightness at a phase angle




of zero degrees (full illumnation) conpared wth a diffuse,

perfectly reflecting disk of the sane size.

G eenhouse Effect: The heating of the |ower atnosphere of a

pl anet or satellite by the absorption of visible radiation and

subsequent reradiation in the infrared.

Lagrange Points: Equilibrium points in the orbit of a planet or

satellite around its prinary.

Magnet ospher e: The region around a planet domnated by its

magnetic field and associated charged particles.

Apposition Effect: The surge in brightness as a satellite

becomes fully illumnated to the observer

Phase angle: The angle between the observer, the satellite, and
t he sun.

Phase Lntegral: The integrated value of the function which

describes the directional scattering properties of a surface.

Primary Body: The celestial body (usually a planet) around which

a satellite, or secondary, orbits.

Regolith: The surface |layer of rocky debris created by neteorite

| npacts.



Roche's Linmt: The distance (equa

the primary) at which the tida

to 2.44 tinmes the radius of

forces exerted by the primary on
the satellite equal the internal gravitational
satellite.

forces of the

Synchronous_ Rotation: A dynam ca

state caused by tidal

interactions in which the satellite presents the sane face

towards the prinmary.



An outer planet icy satellite is any one of the celestial

bodies in orbit around Jupiter, Saturn, Uranus, Neptune, or
Pl ut o. They range from large, planet-like geologically active
worlds with significant atnospheres, such as Triton, to tiny
irregul ar objects tens of kiloneters in dianmeter. These bodies
are all believed to have as mmjor conponents sone type of frozen
volatile, primarily water ice, but also nethane, ammonia,
nitrogen, carbon nonoxi de, carbon dioxide, or sulfur dioxide
existing alone or in conmbination with other volatiles. The outer
five planets have anong them a total of 58 known satellites.
There undoubtedly exi st many nore undi scovered small satellites
in the outer solar system Th relative sizes of the satellites of
these four planets is illustrated in Figure 1. Table | is a
summary of their characteristics. This chapter covers the
satellites of Jupiter, Saturn, Uranus, and Neptune, except Io,
Triton, and Titan (see 10, TITAN, TRITON, and PLUTO CHARQN).

. Summary of Characteristics

A. Discovery

None of the satellites of the outer planets were known
before the invention of the telescope. Wen Glileo turned his
telescope to Jupiter in 1610, he discovered the four |arge
satellites in the Jovian system H s observations of their
orbital notion around Jupiter in a manner anal ogous to the notion

of the planets around the sun provided inportant evidence for the




acceptance of the heliocentric (sun-centered) model of the solar

system These four noons - lo, Europa, Ganynede, and callisto -

are sonetinmes called the Galilean satellites.

In 1655 Christian Huygens discovered Titan, the giant
satellite of’ Saturn. Later in the seventeenth century, G ovann
Cassini discovered the four next largest satellites of Saturn.
It was not until over one hundred years |ater that the next
satellite discoveries were nmade: the Uranian satellites Titania
and Cberon and two smaller noons of Saturn. As tel escopes
acquired nore resolving power in the nineteenth century, the
famly of satellites grew (see Table I). The smallest satellites
of Jupiter and Saturn, and all the small satellites of Uranus and
Nept une (except Nereid), were discovered during flybys of the

Pi oneer and Voyager spacecraft (see Table I1).

The natural planetary satellites are generally nanmed after
figures in classical Geek and Roman nythology who were
associated with the namesakes of their primaries. THey are also
designated by the first letter of their primary and an Arabic
nuneral assigned in order of discovery: lois Ji1, Europa J2, etc.
When satellites are first discovered but not yet confirned or
officially nanmed, they are known by the year in which they were
di scovered, the initial of the primary, and a nunber assigned
consecutively for all solar system di scoveries, e.g., 1980327.
official names for all satellites are assigned by the

I nt ernational Astronom cal Union.



After planetary scientists were able to map geol ogic

formations of the satellites from spacecraft inmages, they named
many of the features after characters Or locations from Western

and Eastern nythol ogi es.
B. Physical and Dynamical Properties

The notion of a satellite around the center of mass of
itself and its primary defines an ellipse with the prinmary at one
of the foci. The orbit is defined by three primary orbital
elements (1) the semimajor axis, (2) the eccentricity, and (3)
the angle made by the intersection of the plane ot the orbit and
the plane of th primary’s spin equator (the angle O
inclination) . The orbits are said to be regular if they are in
the sane sense of direction (the prograde sense) as that
determned by the rotation of the primary, and if their
eccentricities and inclinations are low.  The orbit of a
satellite is irregular if its nmotion is in the opposite (or
retrograde) sense of notion, if it is eccentric, or if it has a
high angle of inclination. The nmgjority of the outer planets'
satellites nove in regular, prograde orbits. Many of the

satellites that nove in irregular orbits are believed to be
captured objects.

Most of the planetary satellites present the same hem sphere

toward their primaries, a situation which is the result of tidal




evol ution. Wen two celestial bodies orbit each other, the

gravitational force exerted on the near side is greater than that
exerted on the far side. The result is an el ongation of each
body to form tidal bulges, which can consist of either solid,
liquid, or gaseous (atnospheric) material. The primary wll tug
on the satellite’tidal bulge to lock its |ongest axis onto the
primary-satellite |ine. The satellite, which is said to be in a
state of synchronous rotation, keeps the sane face toward the
primary. Since this despun state occurs rapidly (usually wthin

a fewmllion years), nost natural satellites are in synchronous
rotation.

The satellites of the outer solar system are unique worlds,
each representing a vast panorama of physical processes. The
smal| satellites of Jupiter and Saturn are irregular chunks of
ice and rock, perhaps captured asteroids, which have been
subjected to intensive neteoritic bonbardnent. Several of the
satellites, including the Saturnian satellite Phoebe and areas of
the Uranian satellites, are covered wwth Ctype material, the
dark, unprocessed, carbon-rich material found on the C class of
asteroids (see ASTERODS). The surfaces of other satellites such
as Hyperion and the dark side of Iapetus contain D-type
prinordial matter (nanmed afer the D class of asteroids), which is
spectrally red and believed to be rich in organi c conpounds.
Both D0 and C-type material are common in the outer solar system
Because these materials represent the material fromwhich the

solar system fornmed, understanding their occurrence and origin




wll yield clues on the state and early evolution of the solar
system | apetus presents a particular enigna: one hem sphere is

ten tinmes nore reflective than the other.

Before the advent of spacecraft exploration, planetary
scientists expected the icy satellites to be geologically dead
worl ds. They assunmed that heat sources were not sufficient to
have nelted their mantles to provide a source of liguid Or semi-
liquid ice or ice-silicate slurries. Reconnai ssance of the icy
satellite systens of the four outer giant planets by the two
Voyager spacecraft uncovered a wi de range of geol ogi c processes,
including currently active vulcanism on Io and Triton. At |east
two additional satellites (Europa and Enceladus) nay have current
activity. The nmediumsized satellites of Saturn and Uranus are
| arge enough to have undergone internal nelting with subsequent
differentiation and resurfacing. Among the Galilean satellites,

only callisto |acks evidence for periods of activity after

formation.

Recent work on the inportance of tidal interactions and
subsequent heating has provided the theoretical foundation to
explain the existence of w despread activity in the outer solar
system Another factor is the presence of non-ice conponents,
such as ammonia hydrate or nethanol, which |ower the nelting
point of near-surface materials. Partial nelts of water ice and
vari ous contamnants - each with their own nelting point and

viscosity - provide material for a wi de range of geologic




activity. The realization that such partial nelts are inportant

to understandi ng the geol ogical history of the satellites has
spawned an interest in the rheology (viscous properties and
resulting flow behavior) of various ice mxtures and exotic
phases of ices that exist at extrenme tenperatures or pressures.
Conversely, the types of features observed on the surfaces

provide clues to the |ikely conposition of the satellites’

interiors.

Because the surfaces of so many outer planet satellites
exhi bit evidence of geologic activity, planetary scientists have
begun to think in terns of unified geologic processes that
function throughout the solar system For exanple, partial nelts
of water ice with various contam nants could provide flows of
liquid or partially nolten slurries which in nmany ways mmc
terrestrial or lunar lava flows forned by the partial nelting of
m xtures of silicate rocks. The ridged and grooved terrains on
satellites such as Ganymede, Enceladus, Tethys, and Mranda may
all have resulted fromsimlar tectonic activities. Finally,
expl osi ve vol canic eruptions occurring on Io, Triton, Earth, and
possi bl y Enceladus, may all result fromthe escape of wvolatiles

rel eased as the pressure in upward-nmoving |iquids decreases. (see
PLANETARY VULCANISM)




[1. Formation of Satellites

A Theoretical Mdels

Because the planets and their associ ated noons condensed
fromthe sane cloud of gas and dust at about the sane tine, the
formation of the natural planetary satellites nust be addressed
within the context of the formation of the planets. The solar
system formed 4.6 + 0.1 billion years ago. This age is derived
primarily from radionetric dating of neteorites, which are
believed to consist of prinordial, unaltered nmatter. In the
radi ometric dating technique, the fraction of a radioactive
i sotope (usually rubidium argon, or uraniunm, which has decayed
into its daughter isotope, is neasured. Since the rate at which
t hese i sotopes decay has been neasured in the laboratory, it is
possible to infer the tine el apsed since formati on of the neteor-

ites, and thus of the solar system (See ORIA N OF THE SOLAR
SYSTEM

The sun and planets formed froma di sk-shaped rotating cloud
of gas and dust known as the proto-solar nebul a. When the
tenperature in the nebula cooled sufficiently, small grains began
to condense. The difference in solidification tenperatures of
the constituents of the proto-solar nebula accounts for the nmjor
conpositional differences of the satellites. Since there was a
tenperature gradient as a function of distance fromthe center of

the nebula, only those nmaterials with high melting tenperatures
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(e. g., silicates, iron, alumnum titanium and calcium
solidified in the central (hotter) portion of the nebula. The
Earthts Mon consists primarily of these materials. Beyond the
orbit of Mrs, carbon, in combination with silicates and organic
mol ecul es, condensed to form the carbonaceous material found on
C-type asteroids. Similar carbonaceous material is found on the
surfaces of the Martian nobon phobos, several of the Jovian and
Saturnian satellites, regions of the Wanian satellites, and
posssibly Triton and Charon. Beyond the outer region of the
asteroid belt, formation tenperatures were sufficiently cold to
allow water ice to condense and remain stable. Thus , the Jovian
satellites are primarily ice-silicate adm xtures (except for Io,
whi ch has apparently outgassed all its water). On Saturn and
Uranus, these materials are joined by nethane and ammonia, and
their hydrated forms. For the satellites of Neptune and Pluto

formation tenperatures were |ow enough for other volatiles, such
as nitrogen, carbon nonoxide, and carbon dioxide to exist in
solid form 1In general, the satellites which formed in the inner
regions of the solar system are denser than the outer planets’

satellites, because they retained a |ower fraction of volatile

materi al s.

After small grains of material condensed fromthe proto-
solar nebula, electrostatic forces caused themto stick together.
Col | i sions between these | arger aggregates caused neter-sized
particles, or planetesimals, to be accreted. Finally, gravita-

tional collapse occurred to form larger, Kkiloneter-sized
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planetesimals. The largest of these bodies swept up much of the

remaining material to create the protoplanets and their
conpani on satellite systens. One inportant concept of planetary
satellite formation is that a satellite cannot accrete within
Roche's |imt, the distance at which the tidal forces of the

primary becone greater than the internal cohesive forces of the

satellite.

The formation of the regular satellite systens of Jupiter
Saturn, and Uranus is sonetines thought to be a smaller scaled
version of the formation of the solar system A density gradient
as a function of distance fromthe prinmary does exist for the
regul ar system of small, inner Neptunian satellites and for the
Galilean satellites (see Table 1). This inplies that nore
volatiles (primarily ice) are included in the bulk conposition as
the distance increases. However, this sinple scenario cannot be

applied to Saturn or Uranus because their regular satellites do

not follow this pattern.

The retrograde satellites are probably captured asteroids or
| arge planetesimals |left over fromthe mmjor episode of planet
formati on. Except for Titan and Triton, the satellites are too
small to possess gravitational fields sufficiently strong to

retain an appreciable atnosphere against thernmal escape.
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B. Evolution

Soon after the satellites accreted, they began to heat up
from the release of gravitational potential energy. An
addi ti onal heat source was provi ded bytherelease of mnechanica

energy during the heavy bonbardnent of their surfaces by
remaining debris. The satellites Phobos, Mimas, and Tethys all
have inpact craters caused by bodies that were nearly |arge
enough to break them apart; probably such catastrophes did occur.

The decay of radioactive elenents found in silicate materials
provi ded anot her major source of heat. The heat produced in the
| arger satellites was sufficient to cause nelting and chem cal

fractionation; the dense material, such as silicates and iron,

went to the center of the satellite to forma core, while ice and
other volatiles remained in the crust. A fourth source of heat
is provided by tidal interactions. Wwen a satellite is being
tidally despun, the resulting frictional energy is dissipated as
heat . Because this process happens very quickly for nost
satellites (-10 mllion years), another nechanism involving
orbital resonances anong satellites is believed to cause the heat
production required for nore recent resurfacing events.
Gravitational interactions tend to make the orbital periods of
the satellites within a systemmultiples of each other. 1In the
Galilean system for exanple, 1Io and Europa conplete four and two
orbits, respectively, for each orbit conpleted by Ganymede. The
result is that the satellites nmeet each other at the same point

in their orbits. The resulting flexing of the tidal bulge induced

13



on the bodies by their nutual gravitational attraction causes

significant heat production in some cases. (see | MPACT PROCESSES
AND G ANT | MPACTS, and SOLAR SYSTEM DYNAM CS)

Sone satellites, such as the Earthts Mon, Ganymede, and
several of the Saturnian satellites underwent periods of nelting

and active geology within a billion years of their formation and

t hen becane qui escent. Q hers, such as 1o and Triton, and
possi bl y Enceladus and Europa, are currently geologically active,
For nearly a billion years after their formation, the satellites
all underwent intense bonbardnment and cratering. The bombardment
tapered off to a slower rate and presently continues. By
counting the nunber of craters on a satellite’'s surface and
maki ng certain assunptions about the flux of inpacting material,
geol ogists are able to estimate when a specific portion of a
satellite® surface was forned. Conti nual bonbardnent of
satellites causes the pulverization of both rocky and icy

surfaces to forma covering of fine material known as a regolith.

Many scientists expected that nost of the craters fornmed on
the outer planets’ satellites would have disappeared due to
viscous relaxation. The two Voyager spacecraft reveal ed surfaces
covered with craters which in many cases had norphol ogica
simlarities to those found in the inner solar system including
central pits, large ejects blankets, and well-formed outer walls.
Scientists now believe that silicate mneral contam nants or

other inpurities in the ice provide the extra strength required
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to sustain inmpact structures.

Pl anetary scientists classify the erosional processes
effecting satellites into two major categories: endogenic,
which includes all internally produced geol ogic activity; and
exogenic, Which enconpasses the changes brought by outside
agents. The latter category includes the follow ng processes: 1)
meteoritic bonmbardnment and resulting gardening and inpact.
volatization; 2) nmagnetospheric interactions, including
sputtering and inplantation of energetic particles; 3) alteration
by high energy ultraviolet photons; and 4) accretion of

particles from sources such as planetary rings.

Meteoritic bombardnment of icy bodies acts in two nmgjor ways
to alter the optical characteristics of the surface. First, the
i npacts excavate and expose fresh material (cf., the bright ray
craters on Ganymede). Second, inpact volatization and subsequent
escape of volatiles results in a lag deposit enriched in opaque,
dark materials. The relative inportance of the two processes
depends on the flux, size distribution, and conposition of the
I npacting particles, and on the conposition, surface tenperature
and mass of the satellite. For the Galilean satellites, ol der
geologic regions tend to be darker and redder. Both the Galilean
and Saturnian satellites tend to be brighter on the hem spheres
which lead in the direction of orbital notion (the so-called
"leading" side, as opposed to the "trailing" side) ; this effect

I's thought to be due to preferential mcronmeteoritic gardening on
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the | eading side. The Uranian satellites show no simlar
di chotony in albedo, but their |eading sides do tend to be
redder, possibly due to the accretion of reddish neteoritic

material on that hem sphere.

For satellites that are enmbedded in planetary magnetospheres,
their surfaces are affected by magnet ospheric interactions in
three ways: 1) chemical alterations; 2) selective erosion, or
sputtering; and 3) deposition of magnetospheric ions. In general
vol atil e conponents are nore susceptible to sputter erosion than
refractory ones. The overall effect of magnetospheric erosion
is thus to enrich surfaces in darker, redder opaque materials. A
simlar effect is believed to be caused by the bonbardnent of W
photons, although much fundanmental |aboratory work remains to be

done in order to determne the quantitative effects of this
process.

1. OBSERVATI ONS OF SATELLI TES

A, Tel escopi c Observations

1. Spectroscopy

Bef ore the devel opnent of interplanetary spacecraft, al
observations from Earth of objects in the solar system were
obtai ned by telescopes. One particularly wuseful tool of

pl anetary astronony is spectroscopy, or the acguisition of
spectra from a celestial body.
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Each conponent of the surface or atnosphere of a satellite
has a characteristic pattern of absorption and em ssion bands.
Conpari son of the astronom cal spectrumw th |aboratory spectra
of materials which are possible conponents of the surface yields
informati on on the conposition of the satellite. For exanple,
water ice has a series of absorption features between 1 and 4
m crons. The detection of these bands on three of the Galilean
satellites and several satellites of Saturn and Uranus
denonstrated that water ice is a major constituent of their
surfaces. Ot her exanples are the detections of S02 frost on the
surface of Io, methane in the atnosphere of Titan, nitrogen and

carbon di oxide on Triton, and carbon nonoxi de on Pl uto.

2. Photonetry

Photonetry of ©planetary satellites is the accurate
measurenent of radiation reflected to an observer fromtheir
surfaces or atnospheres. These neasurenents can be conpared to
light scattering nodels that are dependent on physical
paranmeters, such as the porosity of the optically active upper
surface layer, the albedo of the nmaterial, and the degree of
t opographi ¢ roughness. These nodels predict brightness
variations as a function of solar phase angle (the angle between
t he observer, the sun, and the satellite). Li ke the Earth's
Moon, the planetary satellites present changi ng phases to an
observer on Earth. As the face of the satellite becones fully

illumnated to the observer, the integrated brightness exhibits a
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nonlinear surge in brightness that is believed to result fromthe
di sappearance of nutual shadow ng anong surface particles. The
magni tude of this surge, known as the “opposition effect", is

greater for a nore porous surface.

One neasure of how nuch radiation a satellite reflects is
the geonetric albedo, p, which is the disk-integrated brightness
at "full noon” (or a phase angle of zero degrees) conpared to a
perfectly reflecting, diffuse disk of the sanme size. The phase

integral, q, defines the angular distribution of radiation over

t he sky:

q =2 f: () sin a da

wher e ﬁﬁ ( &) is the disk integrated brightness and = is the

phase angle.

The Bond albedo, which is given by A= p x g, is the ratio
of the integrated flux reflected by te satellite to the
I ntegrated flux received. The geonetric albedo and phase

integral are wavel ength-dependent, while a true (or bolometric)

Bond albedo is integrated over all. wavel engths

Anot her groundbased photonetric neasurenent, which has

yi el ded inportant information on the satellites! surfaces, is the
integrated brightness of a satellite as a function of orbita

angle. For a satellite in synchronous rotation with its prinary,
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t he subobserver geographical |ongitude of the satellite is equal
to the longitude of the satellite in its orbit. Cbservations
showi ng significant albedo and col or variegations for 1o, Europa,
Rhea, Dione, and especially |apetus suggest that diverse geol ogic
terrains coexist on these satellites. This view was confirnmed by

I mges obtained by the Voyager spacecraft.

Anot her inportant photonmetric technique is the neasurenent
of radiation as one celestial body occults, or blocks, another
body. Time resolved observations of occultations vyield the flux
emtted from successive regions of the eclipsed body. Thi s
t echni que has been used to map al bedo variations on Pluto and its
satellite Charon, and to map the distribution of infrared

emssion - and thus volcanic activity - on 7Io.

3. Radionetry

Satellite radionetry is the nmeasurenent of radiation which
Is absorbed and re-emtted at thermal wavel engths, The distance
of each satellite fromthe sun determ nes the nmean tenperature
for the equilibriumcondition that the absorbed radiation is

equal to the emtted radiation:

aR¥F/r?)(1 —A) = 4aR%oT!

T = (] — A)F 14
(" doer? )

where R is the radius of the satellite, r is the sun-satellite

distance, € is the emissivity, < is Stefan-Boltzmann's constant,

19




A is the Bond albedo, and F is the incident solar flux (a slowy
rotating body would radiate over 277 rR%). Typical nean
tenperatures in degrees Kelvin for the satellites are: t he
Earth’s Moon, 280; Europa, 103; Ilapetus, 89; the U anian
satellites, 60; and the Neptunian satellites, 45, For t hernmal
equi librium measurenents as a function of wavelength yield a
blackbody curve characteristic of T: in general, the tenperatures
of the satellites closely follow the blackbody em ssion val ues.
Sone di screpancies are caused by a weak greenhouse effect (in the

case of Titan), or the existence of volcanic activity (in the

case of o).

Anot her possible use of radionetric techniques, when
conbined with photonetric neasurenents of the reflected portion
of the radiation, is the estimate of the dianeter of a satellite.
A nore accurate method of neasuring the dianeter of a satellite
fromEarth involves neasuring the light froma star as it is
occulted by the satellite. The time the starlight is dinmed is

proportional to the satellite’ s dianeter

A third radionetric technique is the neasurenent of the
thermal response of a satellite’surface as it is being eclipsed
by its primary. The rapid loss of heat from a satellite's
surface indicates a thermal conductivity consistent with a porous
sur f ace. Eclipse radionetry of Phobos, Callisto, and Ganymede

suggests these objects all l[ose heat rapidly,

20



4, Polarimetry

Polarimetry is the measurenent of the degree of polarization
of radiation reflected froma satellite’'s surface. The polariza-
tion characteristics depend on the shape, size, and optica
properties of the surface particles. GCenerally, the radiation is
linearly polarized and is said to be negatively polarized if it
lies in the scattering plane, and positively polarized if it is
perpendi cular to the scattering plane. Polarization neasurements
as a function of solar phase angle for atnosphereless bodies are
negative at |ow phase angles; conparisons with |aboratory
nmeasurenments indicate this is characteristic of conplex, porous
surfaces consisting of multi-sized particles. In 1970,
groundbased polarinetry of Titan that showed it |acked a region

of negative polarization led to the correct conclusion that it

has a thick atnosphere.

5. Radar

Planetary radar is a set of techniques which involve the
transmttance of radio waves to a renote surface and the anal ysis
of the echoed signal. Anong the outer planets' satellites, the
Galilean satellites and Titan have been observed with radar (see
PLANETARY RADAR ASTRONOMY)

B. Spacecraft Exploration

1. | maging Observations

I nterplanetary mssion to the planets and their noons have

21,



enabl ed scientists to increase their understanding of the solar
systemnore in the past 20 years than in the previous total years
of scientific history. Analysis of data returned from spacecraft
has led to the devel opnent of whole new fields of scientific
endeavor, such as planetary geology. From the earliest successes
of planetary imaging, which included the flight of a Soviet Luna
spacecraft to the far side of the Earth’s Mon to reveal a
surface unlike that of the visible side, devoid of snooth |unar
plains, and the crash landing of a United States Ranger
spacecraft, which sent back pictures showng that the Earth’s
Mbon was cratered down to nmeter scales, it was evident that
I nterplanetary imaging experinents had i nmense capabilities.
Tabl e 11 summari zes the successful spacecraft mssions to the

outer planetary satellites.

The return of images from space is very simlar to the
transm ssion of television inmages. A canera records the |evel of
intensity of radiation incident on its detector’s surface. A
series of scans is nade across the detector to create a two--
di mensional array of intensities. A conputer onboard the
spacecraft records these nunbers and sends them by neans of a

radio transmtter to the Earth, where another conputer

reconstructs the inage.

The Pioneer spacecraft, which were launched in 1972 and 1973

toward an encounter with Jupiter and Saturn, returned the first

di sk-resol ved images of the calilean satellites. By far the
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greatest scientific advancenents were nade by the Voyager

spacecraft, which returned thousands of inmages of the satellite
systens of all four outer planets, the best of which are shown in
Section IV. Color information for the objects was obtained by
means of six broadband filters attached to the canera. The
return of large nunbers of images with resolution down to a
kil ometer has enabl ed geol ogi sts to construct geol ogic maps, to
make detailed crater counts, and to develop realistic scenarios

for the structure and evolution of the satellites.

2. Other Experinents

Al t hough images are the nost spectacular data returned by
spacecraft, a whole array of equally val uable experinents are
included in each scientific m ssion. For exanple, a gamma ray
spectroneter aboard the lunar orbiters was able to map the
abundance of iron and titanium across the Mon's surface. The
Voyager spacecraft included an jnfrared spectroneter capable of
mapping tenperatures; an ultraviolet spectroneter; a
phot opol ari neter, which sinultaneously neasured the color,
intensity, and polarization of light; and a radio science
experinment that was able to neasure the pressure of Titan's
at nosphere by observing how radi o waves passing through it were

at t enuat ed.
3. Future m ssions

In 1990, the Galileo spacecraft was launcea toward Jupiter

with an encounter in 1996. The nission consists of a probe to
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expl ore the Jovian atnosphere and an orbiter, which will make
several close flybys of the Gal ilean satellites. The orbiter
will contain both visual and infrared inmaging devices, an
ultraviol et spectroneter, and a photopol arineter. The visua

camera will be capable of obtaining inmages with 20 m resol ution

The only other currently approved m ssion to the outer planet
satellites is the Cassini mssion to Saturn, due to be launced in
1997. The cassini spacecraft will contain a probe to study the
at nosphere and surface of Titan, and an orbiter to performan in
depth study of Saturn, its rings, and satellites. Its
instruments include a camera, an imaging spectrometer, infrared
and wultraviolet spectroneters, and a suite of fields and

particles experiments. (see PLANETARY EXPLORATION M SSIONS ) .

' V. | NDI VI DUAL SATELLI TES

A. The Galilean Satellites of Jupiter

1. Introduction and Hi storical Survey

When Galileo trained his telescope on Jupiter he was amazed
to find four points of light which orbited the giant planet.
These were the satellites 1o, Europa, Ganynede, and callisto,
pl anet-sized worlds known collectively as the Galilean
satellites. Analysis of telescopic observations over the next
350 years reveal ed certain basic features of their surfaces.

There was spectroscopi ¢ evidence for water ice on the outer three
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objects. The unusual ly orange col or of Io was hypothesized to be
due to elenental sulfur. Orbital phase variations were
significant, particularly in the cases of Io and Europa, which
i ndi cated the existence of markedly different terrains on their
sur f aces. Large opposition effects observed on Io and callisto
suggested their surfaces were porous. The density of the

satellites decreases as a function of distance from Jupiter
(Table I).

Theoretical calculations suggested the satellites had
differentiated to formsilicate cores and (in the case of the
outer three) ice crusts. The mantles of the outer three
satellites possibly contain liquid water. The Voyager m ssions
to Jupiter in 1977 and 1979 (Table Il1) revealed the Galilean
satellites to be four wunique geological worlds. Current

know edge of these objects is sumarized in Figure 2. (see 10.

1. Europa

When the Voyager spacecraft encountered the second Galilean
satellite, Europa, they returned inmages of bright, icy plains
crisscrossed by an extensive network of darker fractures (see
Figure 3). The existence of only a handful of inpact craters
suggested that geol ogi cal processes were at work on the satellite
until a few hundred mllion years ago or less. Europa is very
snoot h: The only evidence for topographical relief is the

scall oped ridges with a height of a few hundred neters (see

bottom of Figure 3).
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Part of Europa is covered by a darker nottled terrain. Dark
features al so include hundreds of brown spots of unknown origin,
and | arger areas, which appear to be the result of silicate |aden
wat er erupting onto the surface (bottom left of Figure 3). The
reddi sh hue of Europa is believed to be due to contam nation by

sulfur fromlo

The cracks, which planetary geol ogists have called Iines,
are a few kmw de and 10-15% | ower in albedo than the anbient
terrain. Several have a brighter stripe down their centers. The
darker albedo of the cracks is due to conpositional differences:
these areas are contamnated with silicate mnerals or ices
dar kened by irradiation. The nechanism for the formation of
lines is probably sone formof tidal interaction and subsequent
heating, nmelting, and refreezing. Cal cul ati ons show that Europa

may still have a liquid mantle. Although sone scientists have

di scussed the possibility of a primtive life formteemng in the

mantle, there is no evidence that |ife does indeed exist there.

2. Ganynede

The icy noon Ganymede, which is the largest Galilean
satellite, also shows evidence for geologic activity. A dark,
heavily cratered terrain is transected by nore recent, brighter
grooved terrain (see Figure 4). Al t hough they show nuch
diversity, the grooves are typically 10 km w de and one-third to

one-half km high. They were implaced during several episodes
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between 3.5 and 4 billion years ago. Their formation nmay have
occurred after a nelting and refreezing of the core, which caused
a slight crustal expansion and subsequent faulting and fl ooding

by subsurface water.

The grooved terrain of Ganynede is brighter because the ice
Is not as contam nated with rocky material that accunul ates over
the eons frominpacting bodies. The satellite is also covered
wth relatively fresh bright craters, sone of which have
extensive ray systens. In the cratered terrain there appear
outlines of old, degraded craters, which geologists called
palimpsests. The polar caps of Ganymede are brighter than the
equatorial regions; this is probably due to the migration of
wat er nol ecul es rel eased by evaporation and inpact toward the

col der high latitudes.

3. Callisto
Callisto IS the only Galilean satellite that does not show
evidence for extensive resurfacing at any point in its history.

It is covered wwth a relatively uniform dark terrain saturated

wWth craters (Figure 5). There is, however, an absence o
craters larger than 150 km In a process known as viscous
rel axation, ice slunps and flows over periods of billions of

years and is apparently not able to maintain the structure of a
| arge crater as long material which is primarily rock. One type
of feature unique to callisto IS the remant structures of

numer ous i npacts. The nost prononent of these, the Val halla

27




basin, is a bright spot encircled by as many as 13 fairly regul ar
rings (Figure 5). callisto may be contam nated by C-type or D-
type material which accreted onto its surface during conetary or
asteroidal inpacts, or fromanbient dust, The |eading hem sphere
of callisto appears to be fluffier than the trailing side,

possibly due to nore intense meteoritic bonbardnent.

4. The Smal| Satellites of Jupiter

Jupiter has eleven known small satellites, including three
di scovered by the Voyager m ssion. They are all probably
irregular in shape (see Table I). Wthin the orbit of Io are at
| east three satellites: Amalthea, Adrastea and Metis. Anmalthea
is a dark, reddish heavily cratered object reflecting |ess than
5% of the radiation it receives; the red color is probably due to
contam nation by sulfur particles fromlo. Little else is known
about its conposition except that the dark material may be

car bonaceous.

Adrastea and Metis, both discovered by Voyager, are the
cl osest known satellites to Jupiter and nove in nearly identical
orbits just outside the outer edge of the thin Jovian ring, for
whi ch they may be a source of particles. Bet ween Amalthea and Io
lies the orbit of Thebe, also discovered by Voyager. Little is
known about the conposition of these satellites, but they are
nost likely primarily rock-ice mxtures. The three inner
satellites sweep out particles in the Jovi an nagnet osphere to

formvoids at their orbital positions.
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Exterior to the calilean satellites, there is a class of
four satellites noving in highly inclined orbits (Lysithea,
Elara, Himalia, and Leda). They are dark objects, reflecting

only 2 or 3% of incident radiation and may be simlar to G and

D-type asteroids.

Another fam |y of objects is the outernost four satellites,
whi ch al so have highly inclined orbits, except they nove in the
retrograde direction around Jupiter. They are sinope, Pasi phae,

Carme, and Ananke, and they may be captured asteroids.

B. The Saturnian System

1. The Medium Sized Icy Satellites: Rhea, Dpione, Tethys
Mimas, Enceladus and | apetus

The six largest satellites of Saturn are smaller than the
Galilean satellites but still sizable -- as such they represent a
uni que class of icy satellite. Eart h- based tel escopic neasure-
ments showed the spectral signature of ice for Tethys, Rhea, and
Tapetus; Mimas and Enceladus are close to Saturn and difficult to
observe because of scattered light from the planet. The
satellites! |ow densities and high albedos (Table I) inply that
their bulk conposition is largely water ice, possibly conbined
with ammoni a or other volatiles. They have smaller amounts of
rocky silicates than the Galilean satellites. Resurfacing has

occurred on several of the satellites. Most of what is presently
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known of the Saturnian system was obtained from the Voyager
flybys in 1980 and 1981. The six nmediumsized icy satellites are

shown to relative size in Figure 6

The innernost nediumsized satellite Mimas iS covered with
craters, including one (naned Arthur), which is as large as a
third of the satellite’dianmeter (upper left of Figure 5). The
i npacting body was probably nearly |arge enough to break Mimas
apart; such disruptions may have occurred on other objects.
There is a suggestion of surficial grooves that may be features
caused by the inpact. The craters on Mimas tend to be high-
rimed, bow shaped pits; apparently surface gravity is not

sufficient to have caused sl unping.

The next satellite outward from Saturn isS Enceladus, an
obj ect that was known fromtel escopi c neasurenents to refl ect
nearly 100% of the visible radiation incident on it (for
conparison, the Mon reflects only about 11%. The only likely
conposition consistent with this observation is al nost pure water
ice, or other highly reflective volatile. \Wen Voyager 2 arrived
at Enceladus, it transmtted pictures to Earth which showed an
obj ect that had been subjected, in the recent geologic past, to
extensive resurfacing; grooved formations simlar to those on
Ganynede were evident (see Figure 7). The lack of inpact craters
on this terrain is consistent with an age less than a billion
years. It is possible that sonme form of ice volcanismis

presently active on Europa. The heating mechanismis believed to
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be tidal interactions, perhaps with pione. About half of the
surface observed by Voyager is extensively cratered and dates

fromnearly 4 billion years ago.

A final elenent to the enigna of Enceladus iS the
possibility that it is responsible for the formation of the E-
ring of Saturn, a tenuous collection of icy particles that
extends frominside the orbit of Enceladus to past the orbit of
Di one. The position of maxi mumthickness of the ring coincides
with the orbital position of Enceladus. |If sonme form of
vol canismis presently active on the surface, it could provide a
source of particles for the ring. An alternative source
mechanismis an inpact and subsequent escape of particles form

the surface.

Tethys is covered with inpact craters, including Qdysseus,
the | argest known inpact structure in the solar system The
craters tend to be flatter than those on Mmas or the Mon,
probably because of viscous relaxation and fl ow over the eons
under Tethys' stronger gravitational field. Evidence for
epi sodes of resurfacing episodes is seen in regions that have
fewer craters and higher albedos. |n addition, there is a huge
trench formation, the Ithaca Chasma, which nay be a degraded from

of the grooves found on Enceladus.

Dione, Which is about the sane size as Tethys, exhibits a

wi de diversity of surface norphol ogy. Most of the surface is
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heavily cratered (Figure 8), but gradations in crater density
i ndi cate that several periods of resurfacing occurred during the
first billion years of its existence. The |eading side of the
satellite is about 25% brighter than the other, due possibly to
nore intensive mcroneteoritic bonbardment on this hem sphere.
W spy streaks (see Figures 6 and 8), which are about 5o0% brighter
than the surrounding areas, are believed to be the result of
internal activity and subsequent enplacenent of erupting
material. Dione nodul ates the radio em ssion from Saturn, but

the nechanism for this phenonenon is unknown.

Rhea appears to be superficially very simlar to Dione (see
Figure 6). Bri ght wi spy streaks cover one hem sphere. However
there is no evidence for any resurfacing events early in its
history. There does seemto be a dichotonmy between crater sizes
-- sone regions lack large craters while other regions have a
preponderance of such inpacts. The larger craters may be due to

a popul ation of larger debris nore prevalent during an earlier
epi sode of collisions.

When Cassini discovered lapetus in 1672, he noticed that at
one point inits orbit around Saturn it was very bright, but on
the opposite side of the orbit it nearly disappeared. He
correctly deduced that one hem sphere is conposed of highly
reflective material, while the other side is nuch darker
Voyager inmages show that the bright side, which reflects nearly

50% of the incident radiation, is fairly typical of a heavily
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cratered icy satellite. The other side, which is centered on the
direction of notion, is coated wth a mterial with a

reflectivity of about 3 - 4% (see Figure 9).

Scientists still do not agree on whether the dark materi al
originated from an exogeni c source or was endogenically CcCreated,
One scenario for the exogenic deposit of material entails dark
particles being ejected from Phoebe and drifting inward to coat
| apet us. The major problemw th this nodel is that the dark
material on lapetus is redder than Phoebe, although the materi al
coul d have undergone chem cal changes after its expul sion from
Phoebe to make it redder. One observation |ending credence to an
internal origin is the concentration of material on crater
floors, which inplies an infilling mechani sm I n one nodel,
nmet han erupts fromthe interior and is subsequently darkened by

ultraviolet radiation.

Ot her aspects of Iapetus are unusual. It is the only large
Saturnian satellite in a highly inclined orbit. It is |ess dense
than objects of simlar albedo; this fact inplies a higher

fraction of ice or possibly methane or ammonia in its interior,

2. The Smal|l Satellites

The Saturnian system has a nunber of unique small

satellites (Figure 10). Tel escopi ¢ observations showed that the
surface of Hyperion, which lies between the orbits of Iapetus and
Titan, is covered with ice. Because Hyperion has a visual
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geonetric albedo of 0.30, this ice nust be mixed with a
significant anount of darker, rocky material. It is darker than
t he nmedi umsi zed inner Saturnian satellites, presumably because
resurfacing events have never covered it with fresh ice.
Al t hough Hyperion is only slightly smaller than Mimas, it has a
highly irregular shape (see Table |). This suggests, along wth
the satellites battered appearance, that it has been subjected
to intense bonbardnment and fragmentation. There is also good
evi dence that Hyperion is in nonsynchronous rotation -- perhaps a
collision within the last few mllion years knocked it out of a

tidally |ocked orbit (see CHAOTIC MOTION I N THE SOLAR SYSTEM .

Saturn's outernost satellite Phoebe, a dark object (Table 1)
wWith a surface conposition probably simlar to that of Ctype
asteroids, noves in a highly inclined, retrograde orbit,
suggesting it is a captured object. Voyager inmages show definite
variegations consisting of dark and bright (presumably icy)

patches on the surface. Although it is smaller than Hyperion,

Phoebe has a nearly spherical shape.

Three types of snall satellites have been found only in the
Saturnian system the sheparding satellites, the co-orbitals,
and the Lagrangians. Al these objects are irregularly shaped
(Figure 10) and probably consist primarily of ice. The three
shepherds, Atlas, Pandora, and Pronetheus, are believed to play a
key role in defining the edges of saturn's A and F rings. The

orbit of Saturn’'s innernost satellite Atlas |ies several hundred
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kiloneters fromthe outer edge of the A-ring. The other two
shepherds, which orbit on either side of the F-ring, not only
constrain the wdth of this narrow ring, but may cause its kinky

appear ance.

The co-orbital satellites Janus and Epi net heus, which were
di scovered in 1966 and 1978, exist in an unusual dynam ca
situation. They nove in alnost identical orbits at about 2.5
Saturn radii. Every four years the inner satellite (which orbits
slightly faster than the outer one) overtakes its conpanion.
Instead of colliding, the satellites exchange orbits. The four--
year cycle then begins over again. Perhaps these two satellites
were once part of a larger body that disintegrated after a major

collision

Three other small satellites of Saturn orbit in the
Lagrangi an points of larger satellites: one is associated with
Dione and two with Tethys. The Lagrangi an points are |ocations
within an object’s orbit in which a | ess nmassive body can nove in
an identical, stable orbit. They lie about 60 degrees in front
of and in back of the |arger body. Al t hough no ot her known
satellites in the solar system are Lagrangians, the Trojan
asteroids orbit in two of the Lagrangian points of Jupiter. (see
SOLAR SYSTEM DYNAM CS) .
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C. The Satellites of Uranus

1. The nediumsized satellies of Uranus: Mranda, Ariel,
Umbriel, Titania, and Oberon
The rotational axis of Uranus is inclined 98 degrees to the
pl ane of the solar system Eart h- based observers currently see
the planet and its system of satellites nearly pole-on. The
orbits of Ariel, Umbriel, Titania, and Cberon are regular whereas
Miranda's orbit is slightly inclined. Figure 11 is a telescopic
image of the satellites typical of the quality attainable before

the advent of spacecraft m ssions.

Theoretical nodels suggest that the satellites are conposed
of water ice, possibly in the form of nmethane clathrates or
anmoni a hydrates, and silicate rock. Water ice has been detected
spectroscopically on all five satellites. Their relatively dark
vi sual albedos, ranging from 0.13 for Umbriel to 0.33 for Ariel
(see Table 1), and gray spectrumindicates their surfaces are
contamnated by a dark conmponent such as graphite or
carbonaceous material, Anot her dar keni ng nechani smthat may be
I nportant is bonbardnent of the surface by ultraviolet radiation.
The higher density of Umbriel inplies its bulk composition
includes a larger fraction of rocky material than the other four
satellites. Melting and differentiation have occurred on M randa
and Ariel, and possibly sone of the other satellites. Mbdel s
indicate that tidal interactions may provide an inportant heat

source in the case of Ariel.
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M randa, Ariel, Oberon, and Titania all exhibit |arge

opposition surges, indicating that the regoliths of these bodies
are conposed of very porous material, perhaps resulting from eons
of micrometeoritic “gardening”. Umbriel's |acks a significant
surge, which suggests its surface properties are in sone way
unusual . Perhaps its regolith is very conpacted, or it is

covered by a fine dust scatters optical radiation in the forward

di rection.

The Voyager 2 spacecraft encountered Uranus in January 1986
to provide observations of satellites that have undergone nelting
and resurfacing (see Figure 12). Two features on Mranda, known
as “coronae”, consist of a series of ridges and valleys ranging
in height from0.5 to 5 km in height (Figure 13). The origin of
these features s uncertain: sone geologists favor a
compressional folding interpretation, whereas others invoke a
volcanic origin. Both ariel, which is the geologically youngest
of the five satellites, and Titania are covered with cratered
terrain transected by grabens, which are fault-bounded valleys.
Umbriel is heavily cratered and is the darkest of the satellites,
both facts which suggest its surface is very old, although the
noderate resolution inmages obtained by Voyager cannot rule out
melting or other geologic activity. Sonme scientists have in fact
interpreted small albedo variegations on its surface as evidence
for nmelting events early in its history. Oberon is simlarly

covered with craters, sonme of which have very dark deposits on
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their floors. On its surface are situated faults or rifts
suggesting resurfacing events (Voyager provi ded ambi guous, nedi um
resolution views of the satellite). In general, the Uranian
satellites appear to have exhibited nore geological activity than
the Saturnian satellites and callisto, possibly because of the

presence of nethane, ammonia, nitrogen, or additional volatiles.

There is sone evidence that umbriel and Cberon, as well as
certain regions of the other satellites, contain so-called Dtype
material, the organic-rich prinordial constituent which seens to
be ubiquitous in the outer solar system D-type material is seen
in the dark, red D-type asteroids, on the dark side of Iapetus,

on Hyperion, and on specific areas of the larger satellites.

2. The small satellites of Uranus

Voyager 2 discovered 10 new snmall satellites of Uranus,
i ncluding two which act as shepherding satellites for the outer
(epsilon) ring of Uanus (Table 1). All these satellies lie
inside the orbit of Mranda. |Inmages of two satellites, Puck and
Cordelia, provided sufficient resolution to directly determne
their radii (Table |I). The sizes of the other bodies were derived
by making the assunption that their surface brightnesses are equa
to the other inner satellites and estimating the projected area
required to yield their observed integral brightnesses. Puck
appears to be only slightly non-spherical in shape. It is likely

that the other small satellites are irregularly shaped. The




satellites’ visual geonetric al bedos range fromO0.04 to 0.09,
which is sightly higher than that of Uranus’'s dark ring system
Noreliable color information was obtained by Voyager 2 for any of
the small satellites, although their |ow albedo suggests they are

C-type objects.

D. The Satellites of Neptune

1. Introduction

Nept une has eight known satellites: one is the |arge noon
Triton and the remaining seven are snmall, irregularly shaped
bodies (Table I). The small satellites can be divided into two
categories: the six inner bodies which nove in highly regular,
circular orbits close to Neptune (< 5 planetary radii), and the
outer satellite Nereid, which noves in an eccentric orbit
bringing it from57 to 385 planetary radii from Neptune. Nereid's
orbit is by far the nost eccentric of any known natural
satellite. Triton has an appreciabl e atnosphere, seasons, and

currently active geologic processing. (see TRITON)

Only Triton and the outer satellite Nereid were known before
t he reconnai ssance of Neptune by the Voyager 2 spacecraft in
1989. Nereid was discovered in 1949 by Gerard P. Kuiper at
McDonal d Observatory in Texas. In keeping with the thene of
wat er and oceans for the Neptunian system the satellite was
nanmed after the sea nynphs known in G eek nythol ogy as Nereids.

Lari ssa was probably detected in 1981 when it blocked a star
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astrononers were neasuring for possible occultations by
pl anetary rings. Because it was not subsequently observed or
tracked, it was not classified as a satellite until its existence
was confirned by Voyager observations. Reliable ground based
observations of Nereid were limted to estimates of its visual
magni tude. Tel escopi c observations reported near the time of the
Voyager encounter suggesting that one side of Nereid was
significantly brighter than the other were not confirnmed by

Voyager i nmages.

2. Orbital and bulk properties

The six inner satellites were all discovered within a few
days during the Voyager encounter with Neptune in August 1989.
They were given nanmes of nythical nautical figures by the
| nternational Astronom cal Union. For four of these satellites
(Proteus, Larissa, Galatea, and Despina) as well as Nereid,
Voyager images provided sufficient resolution to determne their
dimensions (Table I'). Al five bodies are irregularly shaped.
The sizes of Thalassa and Naiad were derived by making the
assunption that their albedos are equal to the other inner
satellites. The size of the satellites increases with the
di stance from Neptune. Proteus is the largest known irregular
satellite in the solar system The satellite has probably not
been subjected to viscous relaxation; rather its mechanica
properties have been determ ned by the physics of water ice, with

an internal tenperature bel ow 110 K
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Spacecraft tracking of the six inner satellites, and
groundbased observations of Nereid, provided accurate orbit
determ nations, which are listed in Table |I. Al the small inner
satellites except Proteus orbit inside the so-called synchronous
di stance, which is the distance from Neptune at which the
rotational spin period equals the Keplerian orbital. period.
Proteus has, however, been tidally despun so that its rotational
period equals its orbital period. Voyager observations show that
Nereid is in non-synchronous rotation, although its rotational

period has not yet been determ ned.

The masses of the satellites were not neasured directly by
Voyager. Limts may be obtained by assum ng reasonabl e val ues
for their bulk densities. These val ues range fromO0.7 g/cc,
corresponding to water ice wth a bulk porosity of about 30% to
2 g/cc, corresponding to water ice with a significant fraction of
rocky material. If the satellites were forned from captured
material, it is believed the higher density is nore reasonable.
In any case, the small satellites have | ess than 1% of the nass
of Triton. The ring system of Neptune contains only a very snall

amount of mass, possibly one-mllionth of the small satellites

conbi ned nasses.

3. Appearance and conposition

Figure 14 depicts the best Voyager inmages obtained for

Proteus, wth a resolution of 1.3 km per pixel. The l|arge

feature - possibly an inpact basin - has a dianeter of about 250
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km. Cose scrutiny of this imge reveals a concentric structure
w thin the inmpact basin. Possible ridge-like features appear to
divide the surface. The regions of Proteus outside of the inpact

basin show signs of being heavily cratered.

The best image of Larissa was obtained at a resol ution of
4.2 xm/pixel and that of Nereid at a resolution of 43 km/pixel.
Neither image has sufficient resolution to depict surface
features. In 1988, 1989, and 1991, several groundbased observers
reported | arge lightcurve anplitudes (up to factors of four),
which they interpreted as significant albedo variegations on
Nereid. Although there is sone uncertainty (a factor of two at
nmost) in conparing Voyager to ground based observations because
the orientation of Nereid's spin axis is unknown, a lightcurve

produced for Nereid from Voyager inmages over a 12 day period
shows an anplitude of less than 15%

Anal ysis of calibrated, integral Voyager nmeasurenents of the

four inner satellites reveals that their geonetric albedos are
about 0. 06, in the Voyager clear filter with an effective

wavel ength of about 480 nm. The integral brightness of Nereid is

al nost three tinmes that of Proteus, which is slightly smaller;

its geonmetric albedo i s therefore -0. 20.
The Iimted spectral data obtained by Voyager suggests that

Proteus, Nereid, and Larissa are gray objects. The dark albedos

and spectrally neutral character of the inner satellites suggests
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that they are carbonaceous objects, simlar to the primtive c-
type asteroids, possibly the Uanian satellite Puck, the
satellites of Mars, and several other small satellites (Check
these latter ones). Nereid, however, with its markedly higher
albedo, probably has a surface of water frost contam nated by a
dark spectrally neutral material. It is more simlar to the
differentiated satellites of Uranus than to the dark Ctype
objects. It is also simlar in albedo, size, and color to Phoebe,
the outer planet of Saturn which noves in an inclined, retrograde

orbit, suggesting it is a captured object.

4, Origins and evol ution
The irregular orbit of Nereid indicates it is probably a

captured object. Jupiter, Saturn, and Neptune thus all appear to

have outer, captured satellites.

The evolution of the inner satellites was |ikely punctuated
by the capture of Triton. Initially, the inclinations and
eccentricities of the satellites would have been increased by the
capture, and subsequent collisions would have occurred. The
resulting debris would then have reaccreted to formthe present
satellites. Model s of the collisional history of the satellites
suggest that with the exception of Proteus they are nuch younger
than the age of the solar system The heavily craterea surface
whi ch appears in the one resol vabl e Voyager image of these bodies

(see Figure 14) does suggest they have undergone vigorous
bonbar dment .
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The only satellite which has been shown to have a dynam cal
relationship with the rings of Neptune is Galetea, which confines
the ring arcs. The orbits of the satellites have probably
evolved due to tidal evolution and resonances. For exanple, the
inclination of Naiad is possibly due to its escape from an

inclination resonance state with Despina.

ACKNONLEDGEMENTS

Portions of this work were perforned at the Jet Propul sion

Laboratory, California Institute of Technol ogy, under contract

with the National Aeronautics and Space Adm nistration.




REFERENCES

Beaty, J.K, B. O Leary, and A chaikin (eds. ) (1990). The New
Sol ar System 3rd ed. Sky Publishing Corp., Canbridge, MA

Bergstralh, J. and E. Mner (eds.) (1991). Uranus. University of

Arizona Press, Tucson.

Burns, J. and M Matthews (eds.) (1986). Satellites, University of

Arizona Press, Tucson.

Gehrels, T. (cd.) (1984). Saturn. University of Arizona Press,

Tucson.

Hart mann, W K. (1983). Moons and Planets, 2nd cd., Wadsworth,
Bel nont, CA

Morrison, D. (eda.) (1982). The satellites of Jupiter, university
of Arizona Press, Tucson, 1982.

Stone, E., and the Voyager Science Teans (1989). Science, 246,
1417-1501.

45




P W

0 udr
TABLE 1. Summary of the Properties of the Matural Planetatgy Satellites

Distance Revolution
from peniod Orbital Visusl
primary (days) Orbital inclination Radius Density geometric Year
Satellite (10* km) R = Retrograde eccentricity (degrees) (km) (gm/cm?) albedo Discovercr discoy
0.055 " |8 to 29 138 ,
: . 018 4 m s 14/ o/// « / e L /Z'x
M2 Di ’ 26 (" 0.002 28" &% Han !~ R
Jupiter
“ 114 Adrastea 128 0.30 0.0 0.0 10 Jewitter . 1979
)16 Metis 128 0.30 0.0 0,0 20 Synott 1979,
IS Amalthea 181 0.49 0.003 04 I x8EXT Barnard 1892
J15 Thebe 221 0.68 0.0 0.0 30 Synott 1979
It lo 422 1.7 0.004 0.0 1821 3.55 0.6 Galileo 1610
J2 Europa 3.5 0.000 0.5 1565 3.04 0.6 Galileo 1610
13 Ganymede &EZH 7.16 0.001 0.2 2634 1.93 04 Galileo 1610
14 Callisto 16.69 0.010 0.2 2403 1.83 0.2 Galileo 1610
J13 Leda 11110 240 0.416 26.7 5 Kowal 1974
J6 Himalia | 1470 251 0.158 27.6 85 0,03 Perrine 1904
J10 Lysithea 11710 260 0.130 29.0 12 Nicholson 1938
J7 Elara 11740 260 0.207 24.8 40 0.03 Perrine 1904
J12 Ananke 20700 617R 0.17 147 10 Nicholson 1951
J11 Carme 22330 692R 0.21 164 15 Nicholson 1938
J8 Pasiphae 23300 735R 0.38 145 18 Melotte 1908
19 Sinope 23700 758R 0.28 153 14 Nicholson 1914
Saturn
watans SI9 Pon 1 0.56 Showalter 1990
S15 Atlas 138 0.60 0.000 03 19X17X14 0.4 Voyager ;1938
S16 Prometheus 139 0.61 0.002 0.0 74X50X34 0.6 Voyager 9
S 17 Pandora 142 0.63 0.004 0.1 55X4X31 0.6 voyager 1980
S10 Janus 151 0.69 0.007 014 97 x95x 77 0.65 0.6 Dollfus 1966
S1 | Epimethus 151 0.69 0.009 034 69 x 85 x 85 0.65 0.3 Fountain and Larson 1978
S1 Mimas 186 0.94 0.020 1.5 199 14 0.8 Herschel 1789
S2 Enceladus 238 1.37 0.004 0.0 249 1.2 1.0 Herschel 1789
S3 Tethys 293 1.89 0.(Q0 1.1 S23 12 0.8 Cassini 1684
Si4 Cal ypso 295 1.89 0.0 1? 15X8X8 0.6 Space Telescope Tm. 1980
S13 Telesto 295 1.89 0,0 1? 15x13x8 0.9 Smith et of. 1980
S4 Dione 377 2.74 0.002 0.0 360 1.4 0.55 Cassini 1684
S12 Helene 377 2.74 0.005 02 17x16x15 0.s Laques and Lecacheux 1980
S5 Rhea 527 4.82 0.001 0.4 764 13 0.65 Cassini 1672
S6 Titan 1220 15.94 0.029 03 2578 1.88 0.2 Huygens 1655
S7 Hyperion 14s0 21.28 0.104 04 205 x 130X 110 0.3 Bond and Lassell 1848
S8 lapetus 3560 79.33 0.028 14.7 718 1.2 0.4-0.08 Cassini 1671
S9 Photbe 12950 550.4R 0.163 150 110 0.06 Pickering 1898
Uranus
U6 Cordelia 497 0.33 0.0005 0.14 13 Voyager 2 1986
U7 Ophelia 53.2 0.37 0.001 0.09 15 voyager 2 1986
U8 Bianca S9.2 0.43 0.0009 0.2 21 Voyager 2 1986
U9 Cressida 61.8 0.46 0,0002 0.04 31 ~0.04 Voyager 2 1986
U10 Desdemona 62.7 0.47 0.0002 0.2 27 ~0.04 Voyager 2 1986
U] | Juliet 64.6 0.49 0.0006 0.06 42 ~0.06 voyager 2 1986
U12 Portia 66.1 0.51 0.0002 0.09 4 ~0.09 Voyager 2 1986
U13 Rosalind 69.9 0.36 0.00009 0.3 27 ~0.04 Voyager 2
(314 Belinda 733 0.62 0.0001 0.03 3 Voyager 2 1986
U1S Puck 86.0 0.76 0.00005 0.3 n 0.07 Voyager 2 1985
US Miranda 130 141 0.017 34 204 12 0.35 Kuiper 1948
Ul Ariel 191 2.52 0.003 0.0 379 16 0.36 Lassell 1851
U2 Umbriel 266 4,14 0.003 0.0 58S 1.5 0.20 Lassell 1851
U3  Titania 436 871 0002 0,0 789 1.9 0.30 Herschel 1787
U4 Oberon 583 13.46 0.001 0.0 261 0.22 Herschel 1787
Neptune
N8 Naiad 48 0.30 0.003 4,74 27 Voyager 2 1989
N7 Thalassa S0 0.31 0.0002 0.21 40 Voyager 2 1989
N5 Despina 52.5 0.33 0.0001 0.07 8 M 0.05 Voyager 2 1989
N6 Galatea 62 0.429 0.0001 0.0s %0 79 Voyager 2 1989
N4 Larissa 73.6 0.554 0.001 0.20 95l 0.06 Voyager 2 1989
N3 proteus n”e 112 0.0004 0.039 290 208 0.0s voyager 2 1989
N 1 Triton 3548 S.8715K 0.000015 157 1350 2.08 0.73 Lassell 1846
N2 Nereid 360.1 0.753 6.7 170 0.14 Kuiper 1949
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TABLE | I. Summary of Major Flyby Mssions to the Quter

Planetary Satellites

M ssi on Nanme Object Encount er Dat es
Pi oneer 10 Jovian Satellites 1979
Pi oneer 11 Jovian Satellites 1979
Saturnian Satellites 1979
Voyager 1 Jovian Satellites 1979
Saturnian Satellites 1980
Voyager 2 Jovian Satellites 1979
Saturnian Satellites 1981
Uranian Satellites 1986

Neptunian Satellites 1989




FI GURE CAPTI ONS

Figure 1: The relative sizes of the satellites of Jupiter,

Saturn, Uranus, and Neptune.

Figure 2: A summary of current know edge of the Galilean

satellites.

Figure 3: A photomosaic of Europa assenbled from Voyager 2

I mages.

Figure 4: A Voyager image of Ganynede, showing the dark cratered

terrain and the brighter grooved terrain.

Figure 5. A Voyager 1 photomosaic Of callisto. The Val halla

I npact basin, which is 600km wi de, dom nates the surface.

Figure 6: The six nmediumsized icy Saturnian satellites. From

the upper left, in order of size: Mimas, Enceladus, Tethys,

Di one, Rhea and I apetus.

Figure 7: A Voyager 2 photonpsai c of Enceladus. Both heavily

cratered terrain and recently resurfaced areas are visible.
Eigure 8. The heavily cratered face of Dione is shown in this

Voyager 1 image. Bright wispy streaks are visible on the linb of

the satellite.
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Figure 9: A Voyager 2 image of |apetus, show ng both bright and

dark terrains.

Eigure 10: The small satellites of Saturn. They are clockw se

fromfar left; Atlas, Pandora, Janus, Calypso, Helene, Telesto,

Epi met heus, and Pronet heus.

Figure 11: Telescopic view of Uranus and its five satellites
obtai ned by ch. vVeillet on the 154-cm Dani sh-ESO t el escope.

Qutward from Uranus they are: M randa, Ariel, Umbriel, Titania,

and Coeron. Photograph courtesy of Ch. Veillet.

Figure 12: The five major satellites of Uranus, shown to relative

si ze based on Voyager 2 images. They are, fromleft, Mranda,

Ariel, Umbriel, Titania, Cberon.

Figure 13 A nosaic of Mranda produced frominmages taken by the
Voyager 2 spacecraft at 30-40 thousand km from the moon.
Resolution is 560 to 740 m O der, cratered terrain is

transected by ridges and valleys indicating nore recent geol ogic

activity.

Figure 14: The best Voyager inage of Proteus, with resolution of

1.3 km per pixel.
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JOVIAN SATELLITES::
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GANYMEDE

SATURNIAN SATELLITES:

TITAN

URANIAN SATELLITES:

TRITON

NEPTUNIAN SATELLITES:
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